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Abstract. Extending ontology querying facilities with the epistemic
operator provides practically useful additional functionalities like on-
tology introspection, integrity constraints checking, etc. In this paper,
we present a practical system called EQulKa capable of epistemic infer-
encing on OWL 2 DL Ontologies. It implements our recently developed
reduction method of epistemic queries to several subsequent standard
reasoning steps. EQulKa is implemented as a Protégé plugin, featuring
a convenient querying interface alike the DL Query tab, enabling epis-
temic querying directly within the editor. Besides the implementation
details, we discuss several optimization issues important for the feasibil-
ity of the system in practice. First experiments demonstrate practical
feasibility of our system, as the system’s runtime lies in the same order
of magnitude as standard reasoning tasks.

1 Introduction

OWL 2 DL is the most expressive yet decidable dialect of the Web On-
tology Language (OWL) [?]. It is based on the description logic (DL)
SROZQ [?]. Being a decidable first-order logic fragment, reasoning in
SROZQ is inherently monotonic; addition of information to the ontol-
ogy never invalidates entailed conclusions. Nevertheless, certain aspects of
non-monotonicity are sometimes desired in various semantic applications.
In [?], the inadequacy of DLs for the task of matching semantic services
is discussed and a solution based on a non-monotonic extension of DLs
is proposed. A mild form of non-monotonicity which can still be handled
rather conveniently but is sufficient for many purposes is when only the
querying language is endowed with non-monotonic constructors. In early
1980s, Hector J. Levesque was the first to present the idea of enriching the
query language with the epistemic operator K [?]. In [?], Raymond Reiter
makes a similar arguments and discusses why a language enriched with
epistemic operator is desirable for integericty constraint (IC) checking.



Also in the DL community, extensions by epistemic operators have been
considered [?,7,?]. In epistemic extension of DLs, the epistemic operator,
also called K-operator and paraphrased as “known to be, is allowed in
front of a concept (role) to represent the individual (pair of individual)
known by an ontology to possess the property described by the concept
(role). In other words, a query language with K-operators allows for on-
tology introspection.

The K-operator allows for epistemic querying. E.g., in order to formu-
late queries like “known white wine that is not known to be produced in
a French regions we could perform an instance retrieval w.r.t. the concept
K White Wine M —3KlocatedIn.{ FrenchRegion}. This concept represents all the
wines that are explicitly excluded from being French wines but for which
there is also no evidence of being French wines either (neither directly
nor indirectly via deduction). For an ontology containing

{ White Wine(MountadamRiesling), locatedIn(MountadamRiesling, AustmlianRegion}

the query would yield MountadamRiesling as a result, since it is known
to be a white wine (stated explicitly in the ontology) but not known
to be produced in France. Note that querying for the instances of the
concept White Win M —3locatedIn.{dl FrenchRegion} yields an empty result.
Further, a query language enriched with the K-operator allows for 1C
checking. Such constraint checking capabilities help ontology engineers to
determine whether certain properties are satisfied by different elements
occurring in the ontology. For example, testing whether the axiom

KWine C IKhasSugar.{ Dry}3IKhasSugar.{ O f f Dry}N3IKhasSugar.{ Sweet }

is entailed by an ontology allows to check if for every named individ-
ual in that ontology that is known to be a wine, it is also known (i.e.,
it can be logically inferred from the ontology) what degree of sugar
it has. Note that this cannot be taken for granted even if KWine C
IKhasSugar.{ Dry} M IKhasSugar.{ O f f Dry} M IKhasSugar.{ Sweet} is stated
in (or can be derived from) the ontology.

In this paper, we present a system called EQuIKa' which allows for
epistemic querying and IC checking. It basically implements and signif-
icantly improves the algorithm devised in our early works [?,?]. For the
ease of use, we have also implemented a Protégé plugin that allows a
convenient deployment of epistemic querying during the ontology design
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Table 1. Syntax and semantics of role and concept constructors in SROZQ.Thereby
a denotes an individual name, R an arbitrary role name and S a simple role name. C'
and D denote concept expressions.

Name Syntax Semantics

inverse role R~ {(z,y) € AT x AT | (y,z) € R}
universal role U AT x AT

top T AT

bottom 1 ]

negation -C AT\ T

conjunction cnbD ctnp?

disjunction cub ctuD?

nominals {a1,...,an}{aF,... al}

univ. restriction |VR.C {z | Vy.(z,y) € RT —y e C*}
exist. restriction |[3R.C {z | 3y.(z,y) € RE Ay € CT}

Self concept 38.Self {z ]| (z,z) € ST}

qualified number|<n S.C {z | #{y € CT | (z,y) € ST} < n}
restriction >nS.C {z | #{y € CF | (z,y) € ST} > n}

phase. Our paper is organized as follows: We first provide some back-
ground knowledge as preliminaries in Section 77, where we also discuss a
method for epistemic query answering. A major contribution in this work
are several optimization rewrite rules in order to ensure the feasibility
of EQuIKa in practice. These along with the correctness proof are the
matter of Section ?7. In Section 77, we discuss several implementation
issues. We also provide results of experiments we performed and evaluate
EQulKa with and without our new optimization. Finally, we conclude
our work in Section 77 and identify some lines of future work.

2 Preliminaries

We now present an overview of the description logic SROZQ the under-
lying logic of OWL 2 DL (for details see [?]). For the signature of SROZQ
we have finite, disjoint sets Ny, N¢, and Ng called individual names, con-
cept names and role names respectively, with N being partitioned into
simple and non-simple roles. These atomic entities can be used to form
complex ones as displayed in Table ?77.

A SROZIQ TBox T is a finite set of TBox axioms as in Table ?77.
Similarly, an RBox R and an ABox A are finite sets of the corresponding



Table 2. Syntax and semantics of SROZQ axioms

Axiom « TE a,if
Rio---oR,CR|RTo---oREZCR? RBox axioms
Dis(S,T) STNTE =0

cCCD cTc Dt TBox axioms
C(a) af e Ct ABox axioms
R(a,b) (a®,b%) € RT

a=b af =a*

a # b al' # bI

axiom types. An ontology X is a tuple (7, R,.A) where T is a SROZQ
TBox, R is a regular SROZQ role hierarchy? and A is a SROZQ ABox.

The semantics of SROZQ is defined via interpretations Z = (AZ,.T)
composed of a non-empty set AZ called the domain of Z and a function -~
mapping individual names to elements of A%, concept names to subsets
of AT and role names to subsets of AT x AZ. This mapping is extended
to complex role and concept expressions as in Table 7?7 and finally used
to define satisfaction of axioms (see Table ?7). We say that Z satisfies
an ontology X = (7T,R,A) (or Z is a model of X, written: Z |= X)) if it
satisfies all axioms of T, R, and A. We say that an ontology X' entails
an axiom « (written X' = «) if all models of X' are models of a.

Next we present the syntax and semantics of SROZOK, the extension
of SROZQ by K, where we allow K to appear in front of as well as within
concept expressions. Similary we allow K in front of role expressions. We
call a SROZQK-role an epistemic role if K occurs in it. An epistemic role
is simple if it is of the form KS where S is a simple SROZQ-role. As the
traditional semantics leads to unintuitive effects when employed for ex-
pressive languages like SROZQK, different solutions have been proposed,
e.g., in [?,?]. We adopt the semantics presented in [?] for SROZQK.

To this end, we present the definition of extended interpretations.

Definition 1. An extended SROTIQ-interpretation T is a tuple (Az, -, ¢71)
such that

— (Az, 1) is a standard DL interpretation,
— @7 : NTUN — A7 is a surjective function from Ny UN onto A%, such
that for all @ € N; we have that pr(a) = al.

2 We assume the usual regularity assumption for SROZQ, but omit it for space rea-
sons.



Note that the function ¢z returns the actual interpretation of an indi-
vidual, given its (abstract) name, under the interpretation Z. We lift ¢7 to
sets of names and let 7! denote the corresponding inverse. Based on the
notion of extended interpretations, we define an extended epistemic inter-
pretation for SROZ QK as a pair (Z, W), where Z is an extended SROZ Q-
interpretation and W is a set of extended SROZQ-interpretations. The
extended interpretation function -2V is then defined as follows:

afW = oL forae Ng
ATW = AT for A€ No
RTW = RT for Re Ng
TIW = AT (the domain of T)

(CN D)W = CIWnpIW

(CUD)IW = CIWy pIW

) AI \ C’I’W

(VR.C)Z’W = {pl S AT | Vpg.(pl,pg) S RIW P2 € CI’W}

(HR.C)I’W = {p € AT | Ip2.(p1,p2) € RTW Npo € CI’W}
)
)
)
)

n

Q
<
s
|

IW = {d|#{e€CPV | (d,e) € REV} <n)

IW = {d] #{e € CTWV| (d,e) € RPW} = n}
o= er(Ngewez (C77))

(KREY = o1 (Ngew 27" (R7Y))

Again, for an epistemic role (KR)™, we set [(KR)™]Y"" := (KR™)7W.
The semantics of TBox, RBox and ABox axioms follows exactly that
for the classical semantics. We now define the notions of modelhood. An
extended epistemic model of an ontology X' = (7T,R,.A) is a maximal
non-empty set M of extended interpretations such that (Z, M) satisfies
T, R and A for each Z € M. An ontology X' is satisfiable (under the
extended semantics) if it has an extended epistemic model. Similarly the
ontology X' entails an axiom «, written X |= «, if for every extended
epistemic model M of Y, we have that for every Z € M, the extended
epistemic interpretation (Z, M) satisfies «. Note that a K-free ontology
X, one without any occurrence of K, admits a unique extended epistemic
model, which is the set of all models of X' extended by all possible sur-
jective mappings that map individuals names and elements of N to the
elements of their domain. We denote this model by M(X). A detail dis-
cussion on the extended semantics can be found in [?], where a method
of translating epistemic concept expressions into equivalent K-free ones
is also presented. Since EQulKa implements this method, we recall the
translation function in the following. Note that the translation itself re-



quires to check entailment of (K-free) axioms, hence it is not strictly
syntactical and it depends on the underlying knowledge base.

Definition 2. Given a SROZQ knowledge base X', we define a function
@5 mapping SROZQK concept expressions to SROZQ concept expres-
sions (where we let {} =0 = L):

C — C if C is an atomic or one-of concept, T or L;

T if Y =dx(D)=T
KD = {{a € Ny | X = ds(D)(a)}  otherwise
35.Self if X = T C 35.Self
FKS:Self = { {a€ N; | 2 = S(a,a)}  otherwise

CinCy— ?E(CI) M ?Z(CQ)
CiuCy—~ @%‘(Cl) U @2(02)
-C — ﬁ@E(C)
3R.D +— 3R.®x(D) for non-epistemic role R

Ueen, {a} M3P.({b € Ni | X |= P(a,b)} N@x(D))
LU3P.({be N; | £ =T C3P{b}} Ndx(D))
KP.D— < U{aeN; | X =TC3IP {a}}N3IP.ds(D)
¥ {qBE(D) if X =T C 3P.Self
L otherwise

VR.D + YR.®5(D) for non-epistemic role R;
VKP.D — —®5(3KP.—D)
>nS.D — >nS.&5(D) for non-epistemic role S;
Uuen, 0} 113nS.({b € Ny | Z b= S(a,6)} 11 é5(D)
U{ae Ny | X T LIS {a}} 1 >nS.®x(D)
U>nS.({be N; | ¥ =T C 3S.{b}} NP5 (D))

>nKS.D )
e >(n—1)S.({b € N; | = T C 35.{b}} N éx(D))N
U @x(D)M—{a]|a€ N} if ¥ =T C 35.Self
1L otherwise

<nS.D — <nS.®x(D) for non-epistemic role S;
<nKS.D — =P (>(n+1)KS.D)
EKR.D+— ER®x(D) for Z€{V,3, >n, <n}and ¥ = R=U

EQuIKa implements this translation function. Note that a naive imple-
mentation of &5 might not be feasible in practice. In the next section, we
discuss several optimization techniques that we devised in order to ensure
the run-time feasibility of EQuIKa.



3 Optimization

A naive implementation of the translation function presented in Defi-
nition 7?7 does not need to be feasible in practice, in particular when
dealing with ontologies containing relatively large number of individu-
als. We came up with several optimization rules. As we will see in the
next section, these rules speed up the computation time of EQulKa in
retrieving instances of an epistemic concept. Basically, every rule checks
the structure of a given epistemic concept and reduces either the number
of K’s occurring in the concept or the number of calls to the core rea-
soner during the translation of the concept such that the correctness of
the answers is preserved. For the proof of the correctness of the answers
via translation based upon the optimization rules, we show that for an
epistemic concept C, the extensions of the translation of C' coincide when
the translation is done with and without the optimization rules.

In the following we discuss each of these rules and provide the proof
of their correctness, where by &5 we mean the translation function based
on the optimization rules.

— Rule 1 (Nominals): For individual names ay, ..., a, we have

b5 (K{ai,...,an}) — {a1,...,an}

Proof. For the left to right direction, let z € K{ai,...,a,}2M),
By semantics, therefore,

$EQDI( ﬂ @31({a17"'7an}J))
JeM(X)

In other words, € ¢z(p7'({a1,...,a,}’)) for each J € M(X).
In particular, z € pz(¢7'({a1,...,a,}%)). Since @7 is a surjective
mapping, we get that = € {ay,...,a,}% = {a1,...,a, } M),

For the right to left direction, let z € {ay,... ,an}I’M(E) and suppose
that = & K{ai,...,a,}2M). Note that by definition of ¢ .7, we have
that a; € 97 '(af) for each J € M(X) and 1 < i < n. It means
that {a1,...,a,} C o7 '({ay,...,an}7) for each J € M(X) i.e

{a1,...,a,} C ﬂ o7 *{a1,...,an}7)
TJeEM(X)

Applying @7 we get

@I({alw- an} C QOI m X {a17"'7GN}j))
TJEM(X)



In other words,

er({a1,...,a,}) C K{a,...,a, )2
By assumption, since z ¢ K{aq,... 7%}2,/\/{(2)7 consequently we get
that * € or({a1,...,an}) = {pz(a1),...,pz(a,)}. By definition of
@7 we have that ¢7(a) = a’ for each a € N;. Therefore we get that
z & {a?, ..., a7} = {ay,...,a, M) which is a contradiction.
Hence, = € K{ay,...,a, }FM) must hold.

Rule 2 (Conjunction): Let C1,...,C,, be concepts where each C;
is either an epistemic concept of the form KD for some concept D or
a one-of concept for 1 < i < n. By C! we denote the concept obtained
from C; by dropping K or C] = C; otherwise. Then,

5 (CiM,...,NCy) — K(CiM,...,NnC")
Proof. For a one-of concept {ai,...,ax}, it follows from the proof
of Rule 1 that {aq,...,ax} is equivalent to K{ay,...,ar}. Hence, we
assume that each concept in Cq1M---MC, is of the form KD for some
concept D. Now
x € [KDyM...KD,JFME)
&z e (KDPME) . A KDEM))
< v € or(Ngemz) 7' (DY))n---N ez(Ngems) 07" (D))
& 2 € 91r( Nyems) (#7' (D7) NN 7' (D)) )

&z e wz(ﬂjw@) o7 (D11 Dn)J))
& e [KDyn---nD,)EM>) O

Rule 3 (Existential Quantification):
By Definition 7?7, for a concept AKR.D we get that

|_|a€NI{a} N3P.({be N; | X = P(a,b) N dx(D)})
U3P.({be N; | £ = T C3P{b}} Nds(D))
IKP.D — S U{a€ N/ | ¥ =T E3IP {a}} N3P.dx(D)
{qiz(D) if X = T C 3P.Self
U i
1 otherwise
Suppose Inst(D) returns the set of instances of a concept D and let
OUTp = Inst(3P.¢(D)) and INp = Inst(3P~.T). Now Rule 3 is as
follows
Ul ueour,{a} M3P.({b € INp | £ = P(a,b) Né5(D)})
U3P.({b€INp | X = T C3P{b}} Ndx(D))
O5;(IKP.D) — ¢ U{a€OUTp | X =T LC 3P {a}} NIP.dx(D)
4 {éZ(D) if X = T C 3P.Self
1

otherwise



Note that without the optimization, translating a concept of the form
JKP.D requires at least | Ny| x| N|+2|N7|+1+4 (No. of calls needed to
translate D) calls to the core reasoner. With the optimization Rule 3,
such a translation reduces the number of calls when |Inst(3P.&(D))| <
|N7| or |Inst(3P~.T)| < Ny.

Proof. We introduce the following abbreviations,

C1=,en, {at3P.({b€ Ny | ¥ = P(a,b) N Px(D)})

Ol = Ueour, fa} N3P € INp | £ = P(a,b) N d5(D)})
Co=3P.({be N; | ¥ =T C3P{b}}Nds(D))
Ch=3P.({b€INp | £ =T C 3IP.{b}} N dx(D))

Cs3={a€ N/ | ¥ ETC3IP {a}}N3Pds(D)
Cy={a€cOUTp| Y ETLCIP {a}}N3IP.Ix(D)

We first show that for an extended interpretation Z € M(X) and x €
ALz e C%’M(E) iff v € C’{Z’M(E). For this note that if ¥’ € Inst({b €
Ni|X | P(d,b)}) for individuals o’ and b’ then it immediately follows
that b’ € Inst({b € INp|X |= (a’,b)}) and vice versa. Now for z € AZ,
T € CIZ’M(E) if and only if there is an individual a’ € Ny such that
x=aPM) and 2 € IP.({b € N; | ¥ = P(d,b) N dx(D)})HM),
This is the case if and only if x € IP.({b € INp | X = P(d/,b) N
&5 (D)})TME) which is equivalent to x € CiI’M(E) .
In the same way, we can prove that = € CQZ M) i and only if
T € C;I’M(E). Similarly, z € C’g’M(E) if and only if z € C,éz,zm(x). Con-
sequently, this establishes the proof of the correctness of Rule 3. [

— Rule 4 (Number Restriction):
Similar to Rule 3, @5, maps the concept > nKS.D to

Lacoutp, {a} M2nS.({b € INpy [ 2 = S(a,0) NPs(D)})
LJ {CL € OUTRn | 2 ): TCE E]S_{(L}} M 27‘&5’@2(1))
U=nS.({b€INp,, | ¥ = T C 3S.{b}} Ndx(D))
>(n—1)S.({b€INpp_1 | D T C3S{b}} N (D))N
UL &x(D)N—{a|ac N;} if ¥ }=T C 35.Self
L otherwise

where OUTp,, = > nP.¢(D) and INp,, = > n.P~.T.
Proof. Similar to Rule 3. O

These rules suffice in the sense that for most of the remaining constructs,
we use their dual which correspond to one of the rules discussed above.



After showing that the rules preserve the semantics, we need to show
that they indeed improve the run time of EQuIKa. For this we performed
several experiments, which are discussed in Section 77.

4 Implementation

The EQuIKa system is implemented on top of the OWL-API.2 It can be
used as an API as well as within Protégé using an epistemic query tab.
The following considerations and design decisions underly our implemen-
tation:

— Since the standard OWL-API does not support epistemic constructs,
we extended several classes of the API. The K-operator syntactically
behaves similar like the complement construct (—) for concepts and
like the inverse role construct for roles. We therefore followed the same
implementation patterns.

— For parsing we created an EpistemicSyntaxParser based on the Manch-
esterOWLSyntaxOntologyParser. The K operator is expressed by the
token KnownConcept for concepts and by the token KnownRole for the
roles.

— We implemented the translation function in a recursive fashion. For
this, we implemented a visitor pattern by extending the OWLClassEx-
pressionVisitor class in order to handle the epistemic operator.

— In order to support epistemic querying within the Protégé editor, we
implemented an additional tab based on the DL Query tab. Figure 7?7
shows a snapshot of epistemic querying in Protégé.

The class diagram for EQulKa is given in Figure ?7. Note that the
new types OWLObjectEpistemicConcept and OWLObjectEpistemicRole are
derived from the respective standard types OWLBooleanClassExpression
and OWLObjectPropertyExpression to fit the design of the OWL-API. As
our translation method depends on intermediate calls to a standard rea-
soner, the class EQulKaReasoner implements the OWLReasoner interface.
As already mentioned, EQulKa translates an epistemic concept into a K-
free one in a recursive fashion using the class Translator that implements
the OWLClassExpressionVisitor. Further, since Protégé can utilize any rea-
soner that implements the OWLReasoner interface, this enables Protégé
to use EQulkaReasoner to answer epistemic queries. Last but not least,
EQulKa has been shared on googlecode for testing purposes.* The plugin

3 http://owlapi.sourceforge.net/
4 http://code.google.com/p/epistemicdl/



5_|’ Data Properties | Individuals | OWLViz | DL Query | EQuiKQueryTab | OntoGraf

Query (class expression)

KnownRole(a:hasWineDescriptor) some (KnownConcept a :L'u’ineDesc:ripturﬂ

| Execute | | Add to ontology

Query resultz

Instances (132) 4| [ super classes

# a:StonleighSauvignonBlanc F= [ aAncestor claszes

# a:SaucelitoCanyonZinfandel [ Equivalent classes
# a:CorbansPrivateBinSauvignonBlanc$D [ subclasses

# a:WhitehalllanePrimaveraSi [[] Descendant classes
# a:FormanChardonnay Individuals

# a:WhitehalllanePrimavera$

# a:MariettaPetiteSyrah

# a:CorbansPrivateBinSauvignonBlancs|
# a:CorbansSauvignonBlanc$l

A =

4]

Fig. 1. Epistemic Querying in Protégé

is provided as jar file’ that can be installed via the Protégé 4.1 plugin
folder.

5 Evaluation

For the purpose of evaluation, we performed several experiments with the
following setup:

— We used IBM Thinkpad T60 dual core, 2 GHz each core, with Win-
dows 7 (32-bit) as the operating system. A total of 2 GB memory was
available.

— For benchmark tests, we used a populated version of the Wine ontol-
ogyY, that contains 483 individuals and uses most of the OWL 2 DL
constructs. These ontologies can be downloaded along with EQuIKa.

— To evaluate the performance of EQuIKa, we constructed several epis-
temic concepts and translated them into K-free ones. These concepts
are given in Table 7?7 where r1,...,7108 are individuals representing
wine regions in the ontologies.

® https://epistemicdl.googlecode.com/svn/EpistemicQueryTab/equika.protege.querytab.jar
5 https://code.google.com /p/epistemicdl /source/browse/trunk/EQuIK /wine_1.owl



OWLAPI
interface winterfaces
OITVLReaSOI:er OWLClassExpressionVisitorEx<OWLClassExpression> ]
73
«interfaces «interfaces
OWLBooleanClassExpression OWLObjectPropertyExpression
«interfaces «interfaces
OWLObjectEpistemicConcept OWLODbjectEpistemicRole
EQulKaReasoner Translator
o -core_reasoner : OWLReasoner
~getinstances(in ce - OWLClassExpression) - Set<OWLIndividual> +visit(eing. ce : OWLClassExpression) : OWLClassExpression
..}
|
EQulKa

Fig. 2. The EQulKa-system extending the OWL-API

Table 3. Concepts used for instance retrieval experiments.

ECh|IKhasWineDescriptor.K WineDescriptor

EC9IKhas WineDescriptor.K WineDescriptor M IKmadeFromFruit.K WineGrape
ECs|KRoseWine

EC4KRose Wine N KWhite Wine

ECs5 KRose Wine M K White Wine M {r1,...,T0s}

ECq¢ KWine M —3KhasSugar.{Dry} M —-3IKhasSugar.{O f f Dry}

M —3KhasSugar.{Sweet}

To the best of our knowledge, EQulKa is the only reasoner of its
nature for epistemic query answering, such that there is no other ex-
isting reasoner with these capabilities against which we could compare
EQulIKa’s performance. To give an impression about the runtime behav-
ior, we performed two kind of experiments and as a measure, we consider
the time required to translate the epistemic concepts (given in Table ?7)
to K-free equivalent ones and the instance retrieval time of the translated
concept. In the first series of experiments, we evaluated the benefit of the
optimization rules introduced in Section ??7. We implemented two versions
of EQulKa; a naive one called EQulKa-N implementing the translation
function of Definition 77?7 as is and an optimized one called EQulKa-O
where the optimization rules were used. The corresponding results are



Table 4. Results of instance retrieval experiments.

Concept EQuIKa-N EQulKa-O
Ttrans [ Tinst [ #inst Ttrans [ Tinst [ #inst
EC, 4 192.7 132 21 97.8 132
EC, 9 198.9 3 3 37.5 3
ECs 110 110.1 3 26 26.5 3
EC, 203 211.7 0 122 122.1 0
ECs 206 400.6 0 121 121.9 0
ECs 13 — — 0.5 487.3 | 119

shown in Table 7?7 where Tirans, Tinst and Finst represent the translation
time, instance retrieval time and the number of instances respectively. A
time comparison in seconds between both versions of EQuIKa is presented
in Figure ??. For each concept, the first (brown) bar represents the total
time taken by EQuIKa-N and the second (blue) bar represents the total
time taken by EQuIKa-O. In both bars, the dark-shaded part represented
the time taken for the translation and the unshaded part represents the
instance retrieval time by the corresponding EQulKa version. It can be
seen in the chart that the optimized EQulKa is one or several orders of
magnitude faster than the non-optimized one. In particular for concept
EC6, EQulKa-N didn’t responded for almost an hour and we stopped
it, whereas EQulKa-O translated EC6 and retrieved its instances in few
seconds. Hence, beside being correct, the optimized rules introduced are
of high importance toward the feasibility of EQuIKa in practice.

In the second series of experiments, we evaluated the computation
time of EQuIKa-O in general to provide an impression of how the cost of
epistemic querying relates to standard reasoning tasks. For this purpose,
we consider non-epistemic concepts C'1, ..., Cs where each C; is obtained
by dropping K in EC; for 1 < i < 6. Note that an epistemic concept
EC; and the corresponding C; are semantically different concepts. Ta-
ble 7?7 shows the results of our experiments. It can be seen that even
when comparing to the K-free counter part of the epistemic concepts, the
computation time of EQulKa-O is roughly in the same order of magni-
tude.

6 Conclusion

In this paper, we have motivated the importance of epistemic querying
of OWL ontologies for ontology introspection and integrity constraint
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checking. We have presented a system, called EQuIKa, implemented in
conformance with the common OWL interfaces such that any off-the-shelf
reasoner can be used as its backbone. To support convenient deployment
of our tool in the course of the ontology development process, our system
also features a user front-end realized as a plugin for the Protégé ontology
editor.

EQulIKa is based on a reduction of epistemic queries to standard rea-
soning. In order to assure its practical feasibility, we have presented,
proven and implemented several optimization rules leading to a speed-
up of EQulKa by one to several orders of magnitude. We performed

Table 5. Evaluation epistemic vs. standard instance retrieval

| Concept [ tic,) | [Ci] || Comcept | trmey | twey | [ECH |

Ch 2.18 | 159 EC, 20 95.7 132
Co 419 | 159 EC, 3 36.5 3
Cs 10.7 3 ECs 10 10.8 3
Cy 2.68 0 EC, 2 2.9 0
Cs 0.2 0 ECs 2 2.9 0
Cs 61.1 80 ECs 0.5 487.3 119




several experiments checking check computation time of EQulKa and
also evaluated EQulKa against the standard reasoning task of instance
retrieval. We found that EQulKa performs in the same scale as the stan-
dard counter part, witnessing that epistemic querying can be efficiently
realized in practice.

Avenues for future research are manifold: we will carry out a more
extensive evaluation of our system with data stemming from ontology
design scenarios from industry project’s use cases. These experiments
will provide a clearer view on which — already implemented or still to
be defined — optimizations and heuristics in EQulKa pay off in practice.
On the theoretical side, we want to investigate the practical benefits of
epistemic constructors as part of the ontology modeling language and try
to extent our framework to this case. This is clearly a non-trivial task,
since favorable model-theoretic properties get lost.
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